ABSTRACT A theoretical model of [Ca" ]i diffusion, buffering, and extrusion was developed for Aplysia sensory neurons, and integrated with the measured optical transfer function of our fura-2 microscopic recording system, in order to fully simulate fura-2 video or photomultiplier tube measurements of [Ca++] 
INTRODUCTION
A number of theoretical models have been developed to describe the influx, diffusion, buffering, and extrusion of free intracellular calcium ([Ca" ]j) in excitable cells (see Fischmeister and Horackova, 1983; Chad and Eckert, 1984; Sala and Hernandez-Cruz, 1990, for review (Grynkiewicz et al., 1985) to the actual temporal and spatial profile of [Ca" ]i in the cell. Such a model has been developed here, and is used for two purposes. First, it provides a multi-staged examination ofthe distortions inherent in fura-2 measurements of intracellular calcium. Second, we have used the model to simulate actual fura-2 measurements, and to test the plausibility of several mechanisms which have been proposed to modulate [Ca" ] of calcium diffusion, buffering, and extrusion in Aplysia sensory neurons. Next, the kinetics of fura-2 and calcium binding were included in order to evaluate the temporal fidelity of fura-2 and to study the buffering effects of fura-2 itself. Finally, the measured optical properties of our recording system were incorporated in order to generate complete simulated photomultiplier tube (PMT) and video recordings of [Ca" ]j. We were thus able to study the effects of nonconfocal microscope optics and other distortions introduced by the recording system. To assess the model's correspondence to a real cell we have compared the simulated [Ca+1]i measurements with experimental fura-2 recordings in Aplysia sensory neurons.
In Aplysia sensory-to-motor neuron synapses, transmitter release is facilitated by serotonin (5-HT) (Kandel and Schwartz, 1982) and inhibited by the peptide FMRFamide (Abrams et al., 1984) . 5-HT increases action potential duration in sensory neurons by closing S-K+ channels, thus indirectly increasing Ca++ influx (Klein and Kandel, 1978; Siegelbaum et al., 1982) , while FMRFamide opens S-K+ channels (Belardetti et al., 1987; Brezina et al., 1987) and also directly inhibits a component of Ca++ current (Brezina et al., 1987; Edmonds et al., 1990) . These increases or decreases in Ca++ influx during action potentials result in corresponding changes in sensory neuron [Ca" ]i transients (Blumenfeld et al., 1990 ) which may be important for modulation of transmitter release from these cells (Hochner et al., 1986) . Previous experiments suggest
METHODS
The experimental setup and methods used here for measurement of
[Ca+ ]i with fura-2 have been described previously (Blumenfeld et al., 1990) . Briefly, the fluorescence microscope system consisted ofa 75 W Xenon arc lamp with a quartz condenser (Carl Zeiss, Inc., Thornwood, NY), a Zeiss IM35 inverted microscope with a quartz fluorescence intermediate piece and quartz nose piece and an Olympus UV Fluorite 40x objective (NA = 1.3). A 25% transmittance UV grade quartz neutral density filter (Omega Optical Inc., Brattleboro, VT) was used in the excitation pathway to minimize bleaching, and 340 and 380-nm bandpass filters (Andover Corp., Salem, NH) were positioned in the excitation light path by a motor which was controlled by the computer. The field diaphragm located in the fluorescence intermediate piece was used to restrict the excitation beam and was set at a diameter of 100 microns in the image plane. The filter block of the microscope contained a 395 nm dichroic mirror and an emission filter (Ditric Optics, Inc., Hudson, MA) with a center wavelength of 510 and 40-nm bandwidth at half-maximum transmittance. Emitted fluorescence light signals were measured either with a photomultiplier tube (PMT) (Schares Instruments; DCP-2), with a Hamamatsu SIT camera or a Hamamatsu intensified CCD camera (Bridgewater, NJ) . A pinhole with variable aperture was used to measure light intensity with the PMT from different regions of the cell. The methods used for calibrations have been described previously, as have the methods used for cell culture and intracellular recording (Blumenfeld et al., 1990 ).
The cell bodies ofAplysia sensory neurons have a radius of -25 microns and this value was, therefore, used in the model. The shell thickness (Ar) was 1 ,m, an acceptable value in terms ofboth stability ofthe solution and spatial resolution attainable with video microscopy.
Smaller shell thicknesses were tested in the model as well, but these did not have any significant effects on the results on scales visible with current optical methods.
2. Calcium influx and calcium extrusion by membrane transport Calcium influx was modelled as a rectangular pulse of current, ic, entering uniformly throughout the external surface of the outermost shell, representing the cell membrane. Whole cell voltage clamp experiments with Aplysia sensory neurons give peak calcium currents of 2 to 5 nA ) and a value of 3.9 nA (5 x 104 nA/cm2) was, therefore, used in the model. Pulse duration was ordinarily 3 to 10 ms. Thus, the change in calcium concentration per second in the outermost shell (the Nth shell) due to calcium influx is: THE MODEL 1. Calcium diffusion (dCaN 3ica dt influx 8FwrArNN3 -(N-1)3]
The cell body was represented by a sphere which was subdivided intoN concentric shells, each having a thickness of Ar microns. The inner radius of shell n was taken to be (n -1 ). Ar and the outer radius was n* Ar. The concentrations of calcium, fura-2, and intracellular buffer were assumed to be constant within each shell. Calcium diffusion between shells was modeled using an adaptation of Fick's Law described by Chad and Eckert (1984) . The diffusional flux of calcium entering shell n from shell n + 1 is given by:
where D is the diffusion constant of calcium, Can is the concentration of calcium in the nth shell, and Ar is the shell thickness. Then, since the volume ofthe nth shell is (4/3)7rAr3[n3 -(n -1)3], the change in Can will be:
A similar equation describes the diffusion from the nshell to the nth shell, so that the total change in Can is:
Calcium extrusion was also assumed to occur uniformly throughout the cell membrane. The surface membrane pump in the model was intended to represent mechanisms such as Na/Ca exchange or the Ca++-ATP-. ase (Requena and Mullins, 1979; DiPolo and Beauge, 1983; Schatzmann, 1989; Blaustein, 1988; Barish and Thompson, 1983; Thayer et al., 1990) . Although transport of Ca++ into endoplasmic reticulum probably plays an important role as well (Blaustein et al., 1978; Blaustein, 1988 (Requena and Mullins, 1979; DiPolo and Beauge, 1983) . In experiments in Aplysia sensory neurons the [Ca++] i measured with fura-2 is well below 1 ,gM in all parts of the cell, and in the simulations below, [Ca+'] i in the outermost shell is also ordinarily below 1 ,uM, except for a very brief time during and just after the current pulse. Therefore, the calcium flux Jc. (mol. m-2 s') through the cell membrane due to calcium pumping was modeled as:
where CaN is the [Ca'+ ] for the outermost shell.
3. Calcium binding with fura-2 and endogenous calcium buffers As calcium diffuses through the cell body, it can be bound by both endogenous cellular buffers and the fura-2. The effect of buffers on calcium diffusion has been modeled previously in two different ways. In many models (e.g., Zucker and Stockbridge, 1983; Stockbridge and Moore, 1984) Connor and Nikolakopoulou (1982) and others (Simon and Llinas, 1985; Gamble and Koch, 1987; Sala and Hernandez-Cruz, 1990) Many different molecules in the cytoplasm can reversibly bind calcium, each one with its own rate constants and concentration (Carafoli, 1987; Blaustein, 1988 Ahmed and Connor (1988) . Since most endogenous calcium buffers are large proteins, the buffer was considered to be immobile. The buffer was also assumed to be uniformly distributed throughout the cell, although some experiments have suggested nonhomogeneous calcium buffering in neurons (Tillotson et al., 1980) . In contrast to the endogenous buffers, both bound and free fura-2 are assumed to diffuse freely throughout the cell. The equations governing fura-2 diffusion are analogous to those presented above for calcium (Eqs. 1-3). For the diffusion constant of fura-2, we have used the in vitro value of 4.7 x 10 -6 cm2s'-estimated by Timmerman and Ashley (1986) since the value in Aplysia cells is not known. The diffusion constant of fura-2 has been reported to be decreased by a factor of -2 due to intracellular viscosity and binding in skeletal muscle cells (Timmermann and Ashley, 1986; Konishi et al., 1988) and neurons (Strautman et al., 1990; Adler et al., 1991 ) . However, in smooth muscle cells (Williams et al., 1985) the mobility of fura-2 does not differ from its value in vitro. When the fura-2 diffusion constant in our model was reduced to 2.0 x 10-6 cm2s-, the peak [Ca++] Table 1 ). The reverse rate constant of fura-2 was adjusted to give the appropriate Kd of 760 nM (Grynkiewicz et al., 1985) expected for the high ionic strength present in marine species. We estimated the intracellular fura-2 concentration in experiments to be 10-50 ,uM based on measurements done in the whole cell clamp configuration with known fura-2 concentrations in the patch pipette, and based on a comparison of fluorescence levels in fura-2 loaded cells to fluorescence of a microelectrode cuvette containing known fura-2 concentrations (see below).
In a recent [Ca+']i diffusion model Hernandez Cruz et al., 1990) Except for where specifically mentioned, calcium diffusion was modeled using the "nonequilibrium" equations described above (8) (9) (10) (11) (12) (13) (14) 
The real positive root ofthis cubic can easily be found (Bronsztejn and Siemiendiajew, 1959 Fig.  1 , in experiments, fura-2 fluorescence signals are obtained from a single cross sectional slice through the cell, along with some out-of-focus light from above and below the focal plane. Two different methods for simulating [Ca"J]i measurements in a cross-sectional focal plane will now be described. First, we will describe [Ca++] i for an ideal two-dimensional confocal slice through the cell. Then we will consider optical effects such as out-of-focus light and the effects ofPMT pinhole selection on fura-2 recordings obtained with non-confocal fluorescence microscopy. tribution of each shell to the cross sectional area (Fig. 2 C, inset, darker symbols). For (Inoue, 1986; Hecht and Zajac, 1974) in the image plane consisting of a small bright spot surrounded by progressively dimmer alternating light and dark concentric rings. If the specimen lay entirely in a two-dimensional plane, then its image would consist of the superposition of all the Airy discs produced by each individual point in the specimen plane. However, in a real specimen having finite thickness, there will also be contributions from point sources located above and below the specimen plane. Therefore, we needed to determine the image of a point source in focal planes both above and below the specimen plane, i.e., the point spread function (Inoue, 1986; Hecht and Zajac, 1974) , for our optical system. The point spread function was determined using digitized images of a fluorescent 0.2,um polystyrene YG microsphere (Polysciences) taken at varying focal planes as described previously (Fay et al., 1986 (Fay et al., , 1989 Hiraoka et al., 1990) . The microsphere diameter of 0.2 ,um was smaller than the limit of resolution of the microscope (-0.24,im) . The point spread function obtained in this manner (Figs. 3, 4) implies that light from points beyond about 6 ,um above or below the focal plane will contribute only a negligible amount to the fluorescence signal. The diameter of the field diaphragm (used to limit the region of illumination in the specimen plane) was 100 ,um for these measurements, and for all fura-2 measurements done on cells. fura-2. The excitation wavelength was 485 nm. Since this is longer than the 340 to 380 nm wavelengths used for fura-2 it is, therefore, expected to produce a point spread function which is slightly more spread out along the optical axis (Sheppard, 1988; Stokseth, 1969; Hopkins, 1955 Depth, microns extent of out-of-focus light present in fura-2 measurements.
In addition to nonconfocal microscope optics, a second effect which could potentially introduce stray light into the recorded image in a biological specimen is light scattering. Therefore, we added a dilute suspension of microspheres to five culture dishes containing Aplysia sensory neurons, allowed them to settle for 3-4 h, and then exchanged the solution in the dishes with fresh medium in order to remove the microspheres still in suspension. Upon imaging these cells under the same conditions used above, fluorescent microspheres were seen on the surface of the cells, and by focusing up and down it appeared that some microspheres were present within the cells as well. The point spread functions obtained with these microspheres were not significantly different from those obtained above with dry microspheres on plain glass (Fig. 4, B (Grynkiewicz etal., 1985) :
where Rmin is the ratio value as [Ca++ ]i approaches zero, Rmax is the ratio value at saturating [Ca++]i and Sf2 and Sb2 have been defined above. In a simulation of fura-2 video recordings, a point by point ratio was taken ofimages generated at 340 and 380 nm for a focal plane through the center ofthe cell, which is the focal plane which was routinely used in our experiments. The resulting maps of 340/380 ratios were then converted into complete simulated images of [Ca" ]i by using Eq. 22, together with values for Rmin, Rm., and Kdffi^r(Sf2/Sb2) determined by calibration measurements (Blumenfeld et al., 1990 ). Since [Ca++]i does not approach Rma. of the fura-2 calibration curve in experiments or even in the outermost shells of the simulations below, there is probably no significant problem with saturation of the fura-2 response in these cells.
We were interested in estimating the distortion introduced into fura-2 images by out-of-focus light. Therefore, we compared the time course of average [Ca+ +]i predicted above (Fig. 2) (d) Simulation of fura-2 PMT recordings When fura-2 measurements are performed with a photomultiplier tube (PMT) a pinhole having a projected diameter of several microns in the specimen plane is typically used. Thus, the fluorescence from different locations within the pinhole is effectively averaged at each wavelength prior to taking the ratio. In order to understand how this averaging, and how the location of the pinhole on the cell alters the observed free calcium values, we simulated the effects of the pinhole with our model. This was done by starting with the 340 and 380-nm images generated by the convolution operation, and separately averaging the fluorescence within a circular pinhole for each wavelength. The ratio of the 340 over 380 nm signal was then used to calculate free calcium with Eq. 22.
In order to evaluate the distortion due to spatial averaging, a worst-case scenario was assumed, where the PMT pinhole diameter was 50 urm and would, therefore, include the entire model cell. In this case, there was a small damping effect on the contribution of the outermost shells to the signal during the rising phase as shown in A second aspect of PMT measurements that was explored with the model was the effect of pinhole position (Fig. 5 B) . For these simulations, a pinhole with a radius of 8 ,um in the specimen plane was used, which is the (Fig. 1) . Therefore, the peak amplitude is higher and the peak occurs just after the end of the current pulse. As the pinhole is moved inward to include shells primarily from the middle of the cell (Fig. 5 (Fig. 8 A) . In a different cell (Fig.  8 B) , where the intracellular microelectrode was partially clogged (and the fura-2 concentration, therefore, remained low and relatively constant) the amplitude and recovery kinetics of the [Ca" ]i transient were relatively stable over time. Intracellular fura-2 concentrations were estimated by comparing the absolute fluorescence intensity ofthe fura-2 in the cell to that offura-2 at varying concentrations in a microelectrode cuvette (Fig.  8 C) .
The effects of fura-2 on [Ca++]i transients were also studied by varying the fura-2 concentration in the model (Fig. 9 A) (Fig. 1 A) , but occurs just 0.6 s after the end of the stimulus when 50 ,M fura-2 is present (Fig. 1   B) . Furthermore, as increasing fura-2 concentration speeds up the diffusion of [Ca" ]i towards the center of the cell, this will also result in a shorter delay to the peak of the [Ca" ]i transient, as seen in Fig. 9 A.
An additional aspect of fura-2 measurements that was important to evaluate is how rapidly the dye is able to respond to fast changes in [Ca"'] (Klein and Kandel, 1978; Belardetti et al., 1987; Edmonds et al., 1990 (Boyle et al., 1984; Blumenfeld et al., 1990) , this suggests that these transmitters do not act by changing intracellular Ca++ buffering. When the fura-2 concentration in the model is increased from 10 ,M (Fig. IOA) to 50,uM (Fig. 10 B) As shown in Fig. 10, C zero. This discrepancy can be explained by different choices of buffer Kd and current amplitude which result in less saturation of cellular buffers near the surface membrane in our model. In contrast, in the other models, initial saturation of buffers near the surface membrane leads to a high initial free calcium which then decreases largely due to diffusion and redistribution of Ca++ to available buffers in the cytoplasm (Connor et al., 1982 (Fig. 11, A and B) . Our model was used to confirm that in the absence of Ca+'-triggered Ca++ release, the relationship between the number of Ca++ current pulses and
[Ca++]i transient amplitude is expected to be approximately linear (Fig. 11 C) (Muller and Connor, 1991; Guthrie, Segal, and Kater, 1991 (Smith and Augustine, 1988; Simon and Llinas, 1985) , cannot be accurately recorded with fura-2 according to the model. should be taken in interpreting experiments using fura-2 to measure the rate of intracellular calcium diffusion. An apparent paradox is that fura-2 binding to calcium decreases the free calcium concentration and decreases the [Ca++Ji reported by fura-2, while, at the same time, the amount of calcium bound to fura-2 is increased. The explanation is that fura-2 measurements depend roughly on the ratio between bound fura-2 and free fura-2. Thus, although increasing the total fura-2 concentration will increase the bound fura-2, free fura-2 will increase even further, corresponding with the decrease in [Ca++] (Blumenfeld et al., 1990) . In sympathetic cells (Thayer et al., 1 988a; Lipscombe et al., 1988a, b; Hernandez-Cruz et al., 1990 ) and DRG cells (Thayer et al., 1988b) it has been reported that Ca++"triggered Ca++ release from internal stores gives rise to a prolonged localized increase in [Ca+J] Smith and Zucker (1980) using Arsenazo III, and in rat DRG cells when Ca++ loads were in the range used here (Thayer and Miller, 1990 (Blumenfeld et al., 1990 (Blumenfeld et al., 1990) . Previous voltage clamp studies (Klein and Kandel, 1978; Belardetti et al., 1987; Edmonds et al., 1990) combined with recent Ca current modeling (Edmonds, 1990) It has recently been reported that 5-HT increases Ca++ influx during action potentials through two distinct mechanisms Eliot et al., 1991 3. Limitations of the model As in previous models of [Ca++] i diffusion (Blaustein and Hodgkin, 1969; Baker et al., 1971; Andresen et al., 1979; Smith and Zucker, 1980; Gorman and Thomas, 1980; Connor and Nikolakopoulou, 1982; Zucker and Stockbridge, 1983; Fischmeister and Horackova, 1983; Stockbridge and Moore, 1984; Chad and Eckert, 1984; Simon and Llinas, 1985; Zucker and Fogelson, 1986; Gamble and Koch, 1987; Parnas et al., 1989; Holly and Poledna, 1989; Sala et al., 1990; Dissing et al., 1990; Holmes and Levy, 1990) buffering and extrusion are based on the available experimental estimates for these parameters (e.g., Requena and Mullins, 1979; DiPolo and Beauge, 1983; Blaustein et al., 1978; Ahmed and Connor, 1988; Schatzmann, 1989; Carafoli, 1987; Blaustein, 1989 ) and the Ca current values are based on voltage clamp measurements (Carafoli, 1987; Blaustein, 1988) . In addition, there is evidence that subcellular inhomogeneities in buffering may alter local [Ca++] i (Tillotson and Gorman, 1980) . Calcium influx is also likely to be nonuniform in neurons (Anglister et al., 1982; Connor, 1986; Smith and Augustine, 1988; Thompson and Coombs, 1988; Tank et al., 1988; Hockberger et al., 1989; Blumenfeld et al., 1990; Silver et al., 1990) . Although the [Ca++] i extrusion mechanism in our model is restricted to the surface membrane, Ca`+-ATPase pumps located on endoplasmic reticulum are likely to play a significant role in removal of [Ca++] 1 as well (Blaustein et al., 1978; Blaustein, 1988) . Finally, the presence of cytoskeletal elements, intracellular organellar membranes, and invaginations of the surface membrane (Mirolli and Talbott, 1972; Graubard, 1975) may also significantly alter the influx and diffusion of [Ca++ ] i. Despite its limitations, this model provides important information about the reliability of fura-2 microfluorescence measurements, and, in addition, allows further insight into potential mechanisms for modulation of [Ca++] i transients in Aplysia sensory neurons.
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